Abstract-X-ray digital imaging detection system has been successfully applied to visual non-destructive detecting of gas insulated switchgear (GIS) equipment. Manual installing and positioning of this system is risky, inefficient and labor-intensive. This paper presents a non-destructive detecting mobile platform which is used to carry the detecting system to accomplish testing task. The requirements and the working process of this mobile platform are analyzed. The structure of two mobile manipulators which are included in this platform is presented. The kinematics model of manipulator is established correspondingly. Under the actual conditions, the rigid body dynamics is simulated by Solidworks Motion module, which provides references for structure design and motor selection. The non-destructive detecting mobile platform, which is introduced in this paper, has such advantages as high stability, high quality of detection and strong adaptability.
INTRODUCTION
X-ray digital imaging detection system has been successfully applied to visual non-destructive detecting for Gas Insulated Switchgear (GIS) equipment [1] - [5] . High frequency X-ray machine and digital radial (DR) imaging plate are main parts of detection system. The method of installing and locating these two parts determines the quality of detection. Due to the heavy weight, large volume and complicated structure of X-ray machine and the height of the fault point of electric equipment, it is difficult to install and locate them to correct place. As a result, the detecting quality and efficiency are highly affected. In order to improve the efficiency and the quality of detecting, it is necessary to raise the speed of installation and the precision of location.
The existing method of installing and locating the detecting system is manual operation by workers [1] - [2] . On the basis of experience, the operator uses stents, boxes and ropes to install and locate high frequency X-ray machine and DR imaging plate, as shown in Fig.1 . This method is simple, flexible and low-cost, but it is also risky, inefficient and laborintensive. Inaccurate location which is caused by manual installation and location can lead to non-ideal detecting results. For these reasons, new method of installing and locating the detection system using robots should be developed. In order to overcome the disadvantages of manual method for GIS detection in 500Kv power substations, two mobile manipulators are proposed, which built from a robotic manipulator mounted on a mobile platform. The mobile manipulators are equipped with the X-ray machine and the DR imaging plate respectively. Compared with manual installation method, the mobile manipulator equipped with the X-ray machine or the DR imaging plate all the time and control of manipulator is obtainable, which makes it easy in equipment installation, adjustment of position and GIS detection. As a result, the time is saved and the accuracy is ensured. Overall, the mobile manipulators are well qualified for the detecting task of GIS in such power substation.
The rest of this paper is organized as follows: In section II, the X-ray digital imaging detection system, Siemens horizontal GIS and operation environment are introduced. The requirements for the detecting mobile manipulator are analyzed as well. In section III, the working process of this mobile platform is presented. Section IV describes the mechanical design of two mobile manipulators which are main
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parts of mobile platform. The kinematics model is established correspondingly. Simulation is carried out in Section V. Finally, the conclusion and future work are given in Section VI.
II. TASK ANALYSIS

A. X-ray Digital Imaging Detection System
X-ray technology is the representative of radiographic testing technology [6] . It has been widely used in the nondestructive evaluation and testing of medicine and industry. The working principle of industrial X-ray imaging system is shown in Fig.2 which is the same as that of security inspection system. The intensity of the X-ray changed when X-ray passes through objects since the different ability of objects in absorbing and emitting X-ray. The X-ray whose intensity changed would be received by photographic materials and processed into images. In order to ensure the quality of detection, the X-ray emission window of X-ray machine, GIS and the photographic material must be located in a straight line. In this paper, we choose X-ray digital imaging detection system which is introduced in [4] as the target. This detection system is composed of a high-frequency X-ray machine, a DR imaging plate and a Rhythm computer workstation with image processing software. It can implement visual nondestructive testing for GIS under the condition of no dismantling and power off. The experimental results demonstrate that this system is portable, highly reliable, effective and feasible [1] - [4] .
B. Detection object and Operation environment
In this paper, we choose a Siemens horizontal GIS which is widely used in 500Kv power substations as the target [7] . Fig.3 shows the main dimensions of the target GIS and the operation environment. This kind of GIS has complex structure, and its length and height are larger than the size of it in width. Additionally, the size of bracket is larger than that of the circuit-breakers interrupter units. What's more, the uncertainty of the detection position makes it difficult to detect because the GIS's shell is opaque.
The operation environment of GIS equipment is 500Kv power substation. There is much equipment in the substation and the high level electromagnetic interference can affect the reliability of detection system. The ground is mainly composed of gravel road, uneven. 
C. Task Requirement
For the reason as above, we summarize the requirements of the mobile platform. The following requirements should be satisfied:
• High load: The mobile manipulator should have high load capacity, because the mass of X-ray machine is more than 40 kg.
• Safety: The mobile platform must have the ability of self-balance, and can prevent itself from capsizing on uneven ground. Then, the safety of operator must be guaranteed because X -ray has strong radiation.
• Electromagnetic compatibility: The mobile platform and its control system can work reliably in the environment with electromagnetic interference [8] .
• Adaptability to environments: The mobile platform should adapt to the variations of GIS equipment to some extent and can detect positions at different heights.
• Efficiency: The mobile platform should improve the speed of installation and the precision of location. It can carry the detection system to finish the detecting task high-efficiently.
• Usability: The mobile platform should be easily used by operators. Operators can control the mobile manipulator by operating the teach pendant.
• High integration: The mobile platform should integrate with CV-1 detection system. The testing results can be obtained by the mobile base station.
III. WORING PROCESS OF MOBILE PLATFORM
The non-destructive detecting mobile platform is composed of a high-frequency X-ray machine mobile manipulator, a DR imaging plate mobile manipulator and a mobile base station, as shown in Fig.4 . High-frequency X-ray machine mobile manipulator can be equipped with X-ray machine and move to equipment for detection. The emitter of X-ray machine can be adjusted to align with GIS by mobile manipulator. The working principle of DR imaging plate mobile manipulator is similar to that of the X-ray machine mobile manipulator except that it can move DR imaging plate close to GIS. The mobile base station is used to control the mobile platform and the X-ray digital imaging detection system for detecting the GIS equipment. The operator moves mobile manipulators to initial position and installs the X-ray machine and the DR imaging plate on mobile manipulators correspondingly, as shown in Fig.5(a) .
The operator determines the detection position and controls high-frequency X-ray machine mobile manipulator to the specified location via the teach pendant. The posture of mobile manipulator is adjusted to make the emitter align with GIS, as indicated in Fig.5(b) .
The operator moves the DR imaging plate mobile manipulator to the specified location again through demonstrator, as illustrated in Fig.5(c) .
According to the position and orientation of X-ray machine mobile manipulator, DR imaging plate mobile manipulator can automatically adjust its position and orientation to ensure that the emitter of the X-ray machine, the DR imaging plate and GIS are in the same horizontal line, as shown in Fig.5(d) .
The operator evacuates to safe area and starts the detection procedure, as indicated in Fig.5(e) . The detection system returns the image which is shown in mobile base station. The operator saves the detecting results and makes it continue to detect or complete the detection. 
IV. MECHANICAL DESIGN AND ANALYSIS
A. High frequency X-ray machine mobile manipulator
The mechanism of high frequency X-ray machine mobile manipulator for GIS detection consists of the All-Terrain Vehicle (ATV), the slewing mechanism, the lifting mechanism and the end-effector, as illustrated in Fig.6(a) . ATV will be researched and developed independently. ATV has the ability of self-balance, and it can realize the omnidirectional moving on the uneven ground. The slewing mechanism which is fixed to ATV includes a driving motor and a worm drive. The X-ray machine can rotate with it. Besides, the screwing mechanism adopts a hollow structure, which is beneficial to arranging the circuit, as indicated in Fig.  6(b) . The lifting mechanism is mainly composed of a driving motor, a lead screw, a lead screw nut, an upper platform, a lower platform and a scissors-fork mechanism, as shown in Fig.6(c) . It is connected to the slewing mechanism through lower platform. The lead screw is fixed to the lower platform. The upper platform can move along the vertical direction with the help of lead screw nut and scissors-fork mechanism. The end-effector is fixed to the upper platform of the lifting mechanism. It includes a base and a locking device which are used for installing X-ray machine.
(a) The mechanism of X-ray machine mobile manipulator. (b) The structure of the slewing mechanism.
(c) The structure of the lifting mechanism. In order to ensure that the X-ray machine is able to reach and align with the detection position, firstly, ATV should carry manipulator and X-ray machine to the specified position, then the driving motor of the lifting mechanism drives the scissors-fork mechanism to rise the X-ray machine to specified height through the lead screw, and finally, the driving motor of the slewing mechanism actuates the X-ray machine to align with the detection position through the worm drive.
The structure of high-frequency X-ray machine mobile manipulator is simple. However, it can efficiently improve the speed of installation of X-ray machine by using the locking device of the end-effector, and it can detect positions at different heights and orientations through the slewing mechanism and the lifting mechanism.
B. DR imaging plate mobile manipulator
The mechanism of the DR imaging plate mobile manipulator is different from that of the X-ray machine mobile manipulator. It is composed of the All-Terrain Vehicle, the lifting mechanism, the slewing mechanism, the translating mechanism and the end-effector, as indicated in Fig.7(a) . The function and structure of ATV are the same as those of ATV of X-ray machine mobile manipulator except that it doesn't include the slewing mechanism. The lifting mechanism is fixed to ATV through the lower platform. It consists of a driving motor, a lead screw, a lead screw nut, a guide rail, an upper platform, a lower platform and a scissors-fork mechanism, as shown in Fig.7(b) .The translating mechanism consists of a driving motor, a lead rail and a guide rail. It is fixed to the upper platform of the lifting mechanism and can make DR imaging plate close to GIS. The function and structure of the slewing mechanism are the same as those of X-ray machine mobile manipulator except for the differences in their size and power. The end-effector is installed on the platform of the slewing mechanism.
(a) The mechanism of DR imaging plate mobile manipulator. In order to ensure that the DR imaging plate can reach and align with the detection position, firstly, ATV should carry devices to the specified position through demonstrator. Secondly, the driving motor of the lifting mechanism actuates the scissors-fork mechanism to rise the DR imaging plate to specified height with the help of the lead screw, the lead screw nut and the guide rail. Thirdly, the driving motor of the slewing mechanism drives the DR imaging plate to align with the detection position through the worm drive. Finally, the translating mechanism moves the DR imaging plate close to GIS.
The DR imaging plate mobile manipulator not only has all advantages of the high-frequency X-ray machine mobile manipulator, but also can move the DR imaging plate as close as possible to the detection position. This kind of structure can improve the effect and the quality of detection.
C. Kinematics of the mobile manipulator
The manipulator kinematics analysis is a prerequisite for the manipulator dynamics analysis, and it provides the basis for the dynamics simulation of these two mobile manipulators. The coordinate system of high frequency X-ray machine mobile manipulator is established, as shown in Fig.8(a) Z coincide with each other. 2 X is parallel to 1 X . 2 O is the flange center of the base of the end-effector. According to kinematic parameters and frame assignments of manipulator, the corresponding kinematic equation is derived by using Denavit-Hartenberg notation [9] . The transform matrix T 1 of { } 
The coordinate system of DR imaging plate mobile manipulator is established, as shown in Fig.8(b) . The manipulator has three degrees of freedom, two prismatic joints and one revolute joint. { } O X Y Z − is the coordinate system of the first prismatic joint. 1 O is the intersection of the axis of the revolute joint and the platform of ATV. 1 Z is parallel to the axis of the prismatic joint. 1 X is vertical to the plane determined by the axes of two prismatic joints. O X Y Z − is the coordinate system of the revolute joint.
{ }
3
Z coincides with the axis of the revolute joint. 3 X is parallel to 2 X . 3 O is the flange center of the base of the end-effector. According to kinematic parameters and frame assignments of manipulator, the corresponding kinematic equation is derived by using Denavit-Hartenberg notation [9] . The transform matrix T 2 of { } 
Manipulator dynamic analysis mainly involves the analysis of system motion caused by external force. In this section, we choose the manipulator of X-ray machine mobile manipulator as the research target. According to the actual conditions, the motion law of each joint and the load of mobile platform are given. Then, we use the manipulator kinematics and dynamics knowledge to solve the joint driving torque through SolidWorks motion module, which provides the reference for structure design and motor selection [10] .
The motion planning of manipulator joint includes the motion law of joint angular displacement, angular velocity and angular acceleration. However, there is a derivative relationship between them. Thus, only when a variable is given, it can be allowed. In this paper, the motion law of angular velocity of each joint is given as the input condition, as illustrated in Fig.9 . Figure 9 . Joint velocity cure of manipulator According to the above laws of motion planning, the following requirements can be satisfied:
• Each joint is set with maximum acceleration during the accelerating/ decelerating process.
• Each joint can reach the whole joint space within the specified time.
According to the motion laws mentioned above, the rigid body dynamics is simulated by Solidworks software. Driving torque of each joint is shown in Fig.10 . This paper proposes a non-destructive detecting mobile platform to carry the detection system which performs the detecting task. This mobile platform is composed of two mobile manipulators and a mobile base station. The mobile platform can decrease the installation time and improve the precision of location. It can carry the detection system to finish the detecting task efficiently. The mechanical design of two mobile manipulators which are main parts of mobile platform is introduced, and the working process of this mobile platform is described. The corresponding kinematics model is established. Simulation is carried out to provide the reference for structure design and motor selection. Aimed at the practical application, the future work should be mainly oriented toward the optimum design of the mechanical structure and the trajectory planning of mobile manipulators.
